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Abstract
The innovation process of Product Service Systems (PSS) is aﬀected by a vast number of internal and external inﬂuences. Especially the
management of timely or structurally repeating inﬂuences, so called cycles, shows a great potential for improving the innovation process. Thereby
two types of cycles can be diﬀerentiated. Firstly, internal cycles during the innovation process itself going from engineering change cycles,
to manufacturing resource cycles or even team building processes. Secondly, the external, environmental cycles that have an impact on the
innovation process, i.e. government- and customer-related demands and dependencies. A lot of these dependencies, most likely external ones,
contain uncertainties, that have to be handled for successful innovation of PSS.
To cope with these struggles, methods and tools have to be developed, to allow analysis and forecast of the cycles in the innovation
process. Especially the high degree of cross-linking between the diﬀerent cycles indicates the need of integrated modeling and analysis. An
interdisciplinary cycle network of 30 relevant cycles and external inﬂuences as well as 51 interconnections so far, was set up in a System
Dynamics environment. Though not all inﬂuences can be determined yet, the created causal loop diagram can already serve as a framework for
analyzing the innovation process of PSSs and support deeper understanding of the interdisciplinary interdependencies.
c© 2014 The Authors. Published by Elsevier B.V.
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1. Introduction
Internal and external context factors have a vast impact on
the innovation processes. Companies have to handle the cus-
tomer demand for innovations, challenging laws and regula-
tions, incremental and radical innovations of product and pro-
duction technologies. These context factors often have a cyclic
character, meaning they are (temporally or structurally) reoc-
curring. Nevertheless their anticipation while planning the in-
novation processes is becoming more challenging, as these cy-
cles can be very complex. [1,2].
In addition to shortened innovation cycles, due to high pres-
sure concerning time, cost, competition etc., companies have
to satisfy the customers needs for integral combinations of
products and services, the so-called product-service systems
(PSS) [3].
PSS further complicate the innovation process, as new dis-
ciplines have to be involved. In addition to traditional domains
like mechanical, electrical and software development, new ser-
vice oriented ﬁelds have to be considered.
To maintain the competitive capability as well as the capac-
ity for innovation, manufacturing companies have to optimize
their innovation processes by integrating the internal and ex-
ternal cycles in their prevision. Cycles have been discussed
individually across multiple disciplines: Schumpeters business
cycles [4], cycles of the S-shaped technology curve [5] or Tuck-
mans stages of team development [6].
Besides their dynamics, ambiguity and uncertainty, these in-
ternal and external cycles depend on each other and inﬂuence
themselves temporally and with regards to content. Problems
result from the unawareness and lack of manageability of these
cycles, their interdependencies and eﬀects.
To ensure eﬃcient and eﬀective innovation, an interdis-
ciplinary approach is needed, which considers not only the
discipline-speciﬁc cycles and their internal dynamic behavior
but also their interconnections on a global level.
© 2015 The Authors. Published by Elsevier B.V This is an open access article under the CC BY-NC-ND license 
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The work in this paper was developed within the research
collaboration ’SFB 768 Managing cycles in innovation pro-
cesses Integrated development of product-service-systems
based on technical products’. The research team consists of
14 research groups within 7 organizational units out of 4 dis-
ciplines (mechanical engineering, psychology, economics and
computer science). Relevant cycles were collected during in-
terviews within this research collaboration. The diﬀerent as-
pects of the innovation process of PSSs, researched by these
disciplines, were collected and broken down to into intercon-
nected cycles. Finally, a cycle network considering of 30 cy-
cles and external inﬂuences together with 51 interconnections
was worked out in a qualitative System Dynamics model. By
this, a novel, interdisciplinary, cycle-oriented view of the inno-
vation process was developed with means of qualitative System
Dynamics modeling.
System Dynamics has also been proven useful to model cy-
cles in other works i.e. [7–9]. With this perspective, System
Dynamics promises to be a plain and adequate modeling envi-
ronment for both qualitative and quantitative approaches to the
innovation process of PSSs.
This paper presents the resulting model, describes the cycles
and interconnections and gives an example of how the model is
supposed to be used.
2. Introduction to System Dynamics
System Dynamics is a methodology, developed by J. For-
rester in the mid-1950s at the Massachusetts Institute of Tech-
nology (MIT), with purpose to analyze and simulate complex
dynamic systems [10]. With a focus on socioeconomic behav-
ior, it provides a universal approach, based on feedback loops.
There is a qualitative and a quantitative method, which serve
for particular requirements. The qualitative approach is mainly
used to analyze and visualize dependencies and to identify re-
inforcing and balancing loops. It can be used without simula-
tion and data to create inﬂuence diagrams, which allow making
decisions. Especially the knowledge about balancing and re-
inforcing loops gives an important clue about the stability of a
system [11].
The quantitative method uses stocks and ﬂows to discretize
the qualitative model. It is recommended to verify decisions
based on qualitative models with this method. This paper will
give an overview to a qualitative approach, to prepare a quanti-
tative analysis.
3. Modelling cycle networks with System Dynamics
The goal of the collaboration is to support the integrated de-
velopment of PSSs based on technical products [12]. Within the
last eight years of research various cycles and inﬂuences were
modeled, which try to cover as many aspects of the innovation
process as reasonably possible.
To manage the complexity of the network, it was clustered
into 8 top-level cycles as illustrated in Fig. 1 in a directed graph.
The top-level cycles are further reﬁned by subnetworks.
The nodes of the graph illustrate cycles, the edges represent
dependencies. The impact of the interconnections varies, start-
ing from light inﬂuences like wear and tear, to strong eﬀects,
like triggering a new iteration of a cycle.
From the point of view of PSS developing companies, the
cycles can be diﬀerentiated into internal cycles regarding the
Fig. 1. Cycle network of the innovation process of PSSs
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processes in the company and external ones considering the
customer perspective. The development cycle, engineering
change cycle, manufacturing structure cycle, requirement and
planning cycle, and team process cycle thereby represent in-
ternal processes. PSS usage cycle and user acceptance cycle
represent customer related cycles. The user integration cycle
serves as the main interface between company and customer.
A more detailed description of each cycle, as well as the
dependencies to other cycles is given in the following.
3.1. Development cycle
The development cycle is the heart of the innovation process.
It can be divided in two highly interconnected cycles, develop-
ment of the product and development of the service. The prod-
uct development can be further divided into 3 major phases.
First the development of the hardware components starts. At a
certain point in time, electrics and electronics will be planned
and processed and be concluded by the development of the soft-
ware. The absolute number of requirements is typically higher
for E/E components and SW, as there is usually the possibil-
ity to implemented many applications and functions, based on
the same hardware. The services are developed analogue to the
physical development. An exemplary process is illustrated in
Fig. 2.
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Fig. 2. Development cycle phases
The development cycle is not passed-trough with the same
intensity each repetition. Usually an initial development is fol-
lowed by at least one evolution or upgrade of the PSS which
fulﬁlls less requirements, while on the other hand, taking less
time to develop.
During the development cycle, the satisfaction of require-
ments is ensured in a design veriﬁcation cycle. In case of de-
viations an engineering change cycle is triggered in order to ﬁx
the identiﬁed discrepancies. After ﬁnishing the initial devel-
opment phase, especially industrial PSS have to be adopted to
satisfy special customer needs, variants are developed and the
product diversity increases. Optimally, as there are more suit-
able products for individual needs, the user acceptance cycle
is increased. During evolution or redevelopment phases, these
variants will be aggregated in the new versions of the PSS.
As teams are involved in every phase of the cycle, the de-
velopment is aﬀected by the team process cycle. This includes
required development time and the number of included require-
ments. These requirements are derived and planned by the re-
quirement and planning cycle which provides the the frame-
work for the development cycle.
3.2. Requirements and planning cycle
Development is driven by aims. These have to be stated in
a way, that the development departments can ﬁnd a solution.
This is called a requirement. There are many sources for re-
quirement, such as external factors, like legal changes as well as
market derived requirements through stakeholder or user inputs
(see user integration cycle), and requirements with internal ori-
gin, like available production technologies in the manufacturing
structure cycle or necessary changes in the engineering change
cycle. Some of them are deterministic, i.e. changing exhaust
standards, others can change spontaneously leaving short reac-
tion time. To cope with these, the requirements cycle contains
a requirements management. [13]
After their identiﬁcation, the requirements will be detailed,
as they can concern the hardware, the electric/electronic com-
ponents, the software of the product or the additional services
implemented in the PSS.
The planning cycle schedules which requirement has to be
implemented, at what time and by which part of the develop-
ment department. There can be requirements, that have to be
satisﬁed immediately, triggering an engineering change cycle.
3.3. Engineering change cycle
The engineering change cycle puts any modiﬁcation that
concerns the PSS, into a deﬁned procedure, leaving no possi-
bilities of missing interference with any part of the product.
It also serves integrated sub-processes to manage changing
characteristics such as cost, weight etc. Engineering changes
can occur in any phase of the live cycle, mostly in the develop-
ment, but usually also in succeeding phases. Figure 3 shows a
basic example for an engineering change cycle, with all neces-
sary process steps.
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Fig. 3. Basic example for an engineering change cycle
There are two triggers, that cause engineering changes, con-
sidered in this network, detected deviations during the design
veriﬁcation and additional requirements arising in requirement
and planning cycle. This impulse is developed into a concept,
containing all information about changing characteristics, re-
work and cost changes. After one or more concepts are set up,
they have to be evaluated, to assure that all speciﬁcations of the
PSS will be satisﬁed, as well as risk and impact analysis will
predict consequences. The solutions can undergo many itera-
tions of redesign until one concept passes through the evalua-
tion. A change order will be given, to implement the chosen
solution, usually followed by a review. However, if the con-
cept turns out to be unsuitable, it might be discarded during any
phase of the process. [13]
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3.4. Team process cycle
As mentioned before, interdisciplinary teams are involved
in the innovation process of PSS, working in changing settings
under varying conditions. Generally each task can take on two
diﬀerent states: transition and action. Transition includes time-
management or moderation, whereas action represents produc-
tive exchange of ideas and feedback. The performance of a
team depends on how many tasks switch from transition to ac-
tion. Parallel, there is a process of human interaction, that has a
major inﬂuence on i.e. productivity and work satisfaction. [14]
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Fig. 4. Team adaptation cycle [15]
As mentioned before, interdisciplinary teams are required
in the innovation process of PSS, working in changing settings
under varying conditions. Given the complexity of PSS, the dy-
namic environment and the necessity for collaborations within a
large network of teams, the capacity of teams to adapt is crucial
for their performance. The process of team adaptation can be
described as four phases [15]: Through situation assessment a
team identiﬁes the necessity to adapt (e.g., due to change in the
product requirements), speciﬁes the new goal(s) in the transi-
tion phase, performs the required actions to meet the goal(s) in
the action phase, and learns by reﬂection. Adaptive teams run
through these phases in recursive cycles, while continuously
improving their capacity to adapt.
3.5. Manufacturing structure cycle
The manufacturing structure cycle is characterized by sev-
eral subcycles as illustrated in Fig. 1. Several manufacturing
resources, linked sequential or parallel, form the manufacturing
structure cycle. This has diverse consequences, once a resource
is exhausted. It reduces the capacity of the manufacturing struc-
ture if there still is an alternative resource available, otherwise
it might even stop the whole production line until its replaced.
Over time, all resources wear out, depending on their character-
istics and workload. Engineering changes might accelerate this
behavior, as the suitability of a resource to produce the changed
product decreases.
In the same manner, engineering changes of the product
during the development cycle might render the manufacturing
structure unsuitable. At some point a manufacturing change cy-
cle is required to adopt the manufacturing structure. [7]
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Fig. 5. Suitability of the manufacturing structure over time
To reacquire productivity, during the manufacturing change
cycle all depleted resources are reset back to a high level of
productivity. Resources can be replaced by newer instances, if
a new production technology is available [7]. Production tech-
nology evolves continuously following a logistic function [16],
but can only be incorporated into the manufacturing structure
during a manufacturing change cycle.
The manufacturing change cycle will at least stop parts of the
production for a certain amount of time. Thus changes should
be made as infrequent as possible, usually triggered by the de-
velopment cycle, at the end of a redevelopment or evolution.
However, changes also inﬂuence other disciplines, such as the
requirement and planning cycle and team process cycle. For ex-
ample, diﬀerent means of production change the way a product
is designed and create new tasks for the involved teams [7].
The manufacturing structure cycle is used to supply the
product component of the PSS and represents the total produc-
tivity of all resources. Fig. 5 illustrates an example for the de-
crease over time.
To work sustainable and cost eﬀective, returned PSSs are re-
cycled in the manufacturing structure cycle, as part of the sup-
ply chain, which provides the stock of the PSS usage cycle.
3.6. PSS usage cycle
The PSS usage cycle represents the occupancy rate of the
PSS in the life-cycle. When a PSS is in use, it starts wearing
out, depending on the intensity of the usage. The majority is
returned into stock, after repair, but a certain percentage may
not be repaired, or is too old to be returned. These will be
recycled and put back into the manufacturing structure cycle.
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Fig. 6. PSS usage cycle
If the acceptance of the PSS is high, there will be a large de-
mand, however the usage can drop, i.e. due to competitors with
similar products, or preferable oﬀers. At this point evolutions
or a new development is necessary to raise the user acceptance
and to regain market share. The manufacturing structure cycle
supplies a stock of PSSs, which will be used, depending on the
user acceptance cycle. An exemplary pattern of the number of
used PSSs is given in Fig. 6.
3.7. User integration cycle
The user integration cycle consist of two sub-cycles, the in-
tegration cycle and the user knowledge cycle. The integration
cycle represents the need of information the company requires,
depending on the phase of the development cycle. The innova-
tion starts with the ideation, a phase where information about
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user needs is required to formulate requirements in the require-
ment and planning cycle and create a suitable PSS during the
development cycle. The more detailed the concept gets, the less
integration is needed, especially at the point where the techni-
cal development starts. In this phase the technical know-how of
the development department plays the central role. When the
development comes close to series maturity, the need of user in-
tegration rises again, as prototypes will be tested and after start
of production feedback is provided. Fig. 7 shows an exemplary
curve of the described degree of integration.
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Fig. 7. Degree of user integration during the innovation process
The user knowledge cycle (Fig. 8) represents the amount
of knowledge that users are able and willing to provide. The
knowledge users provide depends largely on the user accep-
tance cycle since users are more willing to provide information
if they are interested in the product and accept it.
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Fig. 8. User knowledge cycle
3.8. User acceptance cycle
The user acceptance cycle describes the market acceptance
of the PSS. Once development is completed, the manufacturing
structure cycle is responsible for the quality of the product com-
ponent of the PSS. The less suitable the manufacturing structure
cycle is, the more defective products will be produced, leaving
users unsatisﬁed.
The user integration cycle has positive inﬂuence, as good
communications between users and the PSS company directly
increase the user acceptance. The user acceptance is further
increased through customized variants of the PSS through the
development process, as there will be more individual needs,
which can be satisﬁed.
4. Exemplary Scenario
A short scenario will show how the qualitative cycle model
can already be used to help justify decisions.
Assuming the following initial condition: A new require-
ment has to be implemented an already released PSS. The man-
ufacturing structure cycle is not up to date, but still suitable
enough to continue production of the current product. The
question for the planning department: ”Will it be better to trig-
ger an engineering change cycle (1), or is it suﬃcient to wait for
the next evolution (2)?” is going to be discussed qualitatively in
the following, using the cycle network.
(1) Triggering an engineering change cycle to implement the
requirement. The engineering change cycle has eﬀects on the
manufacturing, team process and the product diversity. The
team process will be aﬀected as the upcoming product evolu-
tion already keeps the teams busy. The product diversity rises
with the change, having a positive eﬀect on the quality of the
PSS. However, the already lowered suitability of the manufac-
turing structure cycle further decreases, having a negative ef-
fect on the quality. This aﬀects the user acceptance and usage
decreases. Moreover, a lowered manufacturing structure cy-
cle supplies less units of the PSS. Additionally, there is also a
risk, that the engineering change cycle might cause even new
requirements and delay the evolution.
Fig. 9. Aﬀected cycles of scenario (1)
This strategy will implement the requirement quick, but
could cause a quality and usage loss. These losses could only be
changed with the next evolution, where a manufacturing change
can be performed. As the team performance is stressed, even a
delay of the evolution is possible.
(2) Implementation of the requirement with the next evolu-
tion. This is a slower alternative, however, the suitability of
the manufacturing structure cycle only decreases slowly due
to wear out of the production resources, slightly reducing the
quality. The teams working on the evolution, are not aﬀected
as much, as the implementation can be integrated in the usual
work ﬂow. Depending on the capacity, there is even a chance to
schedule the evolution earlier than planned.
Once the evolution is released, there will be a positive eﬀect
on quality and usage. The manufacturing structure cycle can
be changed to a more suitable structure. Also the supply chain
is able to produce more units. The user acceptance will rise.
The aggregation of variants, might lead to a smaller product
diversity but increases the eﬀectiveness of the production.
In both scenarios the equal amount of requirements will be
implemented, however, the second option maintains the user
acceptance high, improving the usage in a longer term.
It has to be noted, that this conclusion is only qualitatively.
Further company speciﬁc analysis is necessary based on the ac-
tual case.
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Fig. 10. Aﬀected cycles of scenario (2)
5. Discussion and Outlook
The development of PSS involves tasks in diﬀerent domains,
i.e. development of hardware, electronic, and software compo-
nents as well as additional services, and requires the integration
of various disciplines. In times of increased pressure concern-
ing time, cost, and competition, companies have to optimize
their innovation process in order to maintain competitiveness.
The objective of our work is supporting management of
interdisciplinary innovation projects. A cycle oriented ap-
proach is suggested, integrating discipline speciﬁc cycles into a
System-Dynamics-based, interdisciplinary cycle network. This
was done within interviews and workshops, to collect and de-
scribe relevant cycles and interconnect them.
The emphasis of the model is set on the omission of system
boarders, such as the diﬀerentiation between internal and exter-
nal cycles, or the restriction to cycles within certain domains,
to allow a holistic view on the innovation process. This inter-
disciplinary approach gives an overview of complex, discipline
speciﬁc cycles. At the same time it helps to manage cycles
during the innovation of PSS by illustrating and describing the
eﬀects between the individual cycles in an easy-to-use way. As
the model is qualitative, results have to be treated carefully and
can not be validated within the model.
To cope this, future work will focus on the quantiﬁcation of
all cycles and interconnections to create a quantitative System
Dynamics model. A promising approach is the use S-shaped lo-
gistic functions as in [5,7,16]. A fully quantiﬁed model allows
simulation based testing and optimization of strategic decisions
of PSS companies. During this modeling process, additional
inﬂuences might be identiﬁed providing even more insight on
the complexity of innovation process.
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